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Wind-tunnel testingAbstract As one type of potential flow control actuators, cavity-actuated supersonic jet oscillators,
which consist of a 2-D convergent nozzle and two face to face cavities, need to be investigated dee-
ply to get the knowledge of their oscillating feature and underlying mechanism. Wind tunnel testing
are conducted under different back pressures in a vacuum-type wind tunnel for two supersonic jet
oscillators, to obtain their characteristics and the conditions for jet oscillating. The experimental
results show that the continuous, nearly symmetric or asymmetric flipping between the two cavities
appears over certain nozzle pressure ratio (NPR) range for both oscillators according to schlieren
visualizations. Compared to the free jet, the oscillating jet with large exit achieves larger mixing; the
oscillating jet with small exit has less mixing, based on the analysis of jet axial peak velocity and the
entrainment. The cross-junction mode for estimating the resonance frequency in a pipe with two
closed side branches is modified and obtained comparable estimations of the frequency of jet flip-
ping with experimental data, but further investigations are needed to discover the underlying
mechanism for the jet flipping.
 2015 The Authors. Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Fluidic oscillators, which produce an oscillating jet (sweeping
or pulsing jet) at high frequency, are attracting increased atten-
tion in recent years due to their application potentials as flow
control actuators.1 The attractive features of fluidic oscillators
for flow control are their characteristics of unsteady blowing,wide range of operating frequency and the distributed nature
of momentum addition. The innovative application of fluidic
oscillators to flow control problems includes separation con-
trol, jet thrust vectoring, cavity tone suppression, etc.2,3
One characteristic of all fluidic oscillators is that there must
be some type of feedback mechanism to drive the oscillations.
Based on the difference of the feedback mechanism, at least
four types of fluidic oscillators have been invented so far,
i.e., wall attachment, jet interaction, cavity resonating and
vortex oscillator.2 The wall attachment and jet interaction oscil-
lators receive more investigations in recent years, and the
details on these two oscillators have been summarized in the
two latest review papers.2,3 Hence, these two oscillators will
be introduced briefly here, and cavity resonating oscillators will
be described in detail since it is research object of this paper.
Fig. 2 Jet interaction fluidic oscillator (reproduced fromRef. [3]).
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the nozzle attaches to the right-side surface in the cavity due to
the ‘‘wall attachment” effect (see Fig. 1(a)), commonly known
as the ‘‘Coanda” effect. The feedback channel transmits a pres-
sure pulse (or actual flow) generated by the jet attachment on
this side of the wall back to the point of the jet separation in
the nozzle, thus deflecting the jet to the left-hand side as shown
in Fig. 1(b). The cycle is repeated thus producing an oscillating
jet at the exit of the device. Wall attachment oscillator has been
demonstrated widely for flow control application, e.g., flow
separation control,4–8 noise suppression,9 jet thrust vectoring10
and jet mixing enhancement.10,11
Jet interaction oscillator is based on the inherent fluid
dynamic instabilities. The two jets impinge (see Fig. 2) at each
other and by proper design of the cavity, the impingement
becomes unstable and an oscillatory jet flow is generated at
the output.
The cavity resonating oscillator was developed as one type
of temperature sensor around the 1970s.12 One typical design is
shown in Fig. 3.13 In Fig. 3, H denotes the total depth of two
cavities, L denotes the cavity length and He denotes exhaust
throat height. As a fluid jet issues from the inlet nozzle and
impinges on a wedge, it is subjected to an oscillation trans-
versely to the jet issuing direction. This oscillation has
traditionally been called edge tone oscillation.14 The edge tone
oscillation is caused by inherent shear layer instabilities, vortex
shedding and acoustic feedback characteristics of the jet-edge
configuration and is dependent upon the jet velocity and dis-
tance between the nozzle exit to the wedge.
The cavity in which the fluid runs from the inlet nozzle to
the discharge exhaust has a characteristic or resonant fre-
quency (Eigen frequency). Carter12 pointed out that the cavity
Eigen frequency is excited by the edge tone oscillations begin-
ning at an input pressure corresponding to the threshold point.
No distinct oscillation is produced until the input pressure
reaches the threshold value. At this value the frequencies of
oscillation produced by the flow impinging on the edges at
the exhaust begin to match the cavity Eigen frequencies.
Most of the recent researches on fluidic oscillators, focused
on their operation of the subsonic flow. The wall attachment
oscillator, which has been received more attention, is not clar-
ified yet for its operation in the supersonic speed. The severalFig. 1 Typical wall attachment oscillator (redraw based on Ref.
[3]).researches on cavity resonating oscillator in the 1970s were
also limited in its subsonic operation.
This paper will focus on the characteristics of the cavity res-
onating oscillators with a supersonic under-expanded jet to
produce a sweeping flow. The operation limit, oscillating
course and mixing characteristics of the oscillating jets were
studied experimentally.
2. Oscillator geometry
The oscillator geometry is similar to Fig. 3 from Carter’s
design and convergent nozzle is also employed in this work,
but the wedge downstream the exit is removed. The oscillator
(see Fig. 4) has a nozzle throat height of 5 mm and then there
are two face-to-face cavities with a length–depth ratio of 2.04
and a rectangular divergent exhaust after the cavity. The diver-
gent exhaust has a divergence angle of 60 and a throat which
is much larger than the nozzle exit, which results in the smaller
rear wall height of two cavities than the front walls.Fig. 3 Cavity resonating oscillators.13
Fig. 4 Oscillator geometry and measurement arrangement.
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A vacuum-type wind tunnel was used for all the experiments.
The inlet of the nozzle is exposed to the atmosphere, whereas
the outlet is connected to a vacuum tank (see Fig. 5).
The vacuum tank has a large volume of 33 m3 and the back
pressure of the nozzle is constant at the desired value during
a typical test time of 1–2 s. In this paper, the nozzle pressure
ratio (NPR) is defined as the ratio of ambient pressure at the
nozzle entrance to the pressure in the vacuum tank.
A standard schlieren system was used to visualize the flow
inside and downstream of the oscillator. A light ray from a
metal halide continuous light source (LS-M350, Sumita
Optical Glass, Inc.) passed the first plane mirror, two concaveFig. 5 Schematic of the wind tunnel system.mirrors on each side of the nozzle, the second plane mirror,
and a horizontal knife edge, reaching a high-speed video cam-
era (PhotronFastcam MAXP01, 24000 frames per second,
1/120000 exposure speed). The Photron FASTCAM Viewer
interface is used for storing 1200 schlieren images of 0.05 s flow
time.
Two ICP dynamic pressure sensors (Model M101A05,
PCB Piezotronics) with AC coupling were used to measure
the fluctuating pressure on the floor center of the two cavities.
The sampling frequency is 50 kHz and the record time is 0.4 s.
Eight pressure taps on the centerline of a sidewall of the oscil-
lator were connected to PG-2KU pressure transducers to mea-
sure the static pressure of the flow. The averaged static
pressures were obtained based on 0.1 s measurement with a
sampling frequency of 5 kHz. Two pitot rakes, one with seven
pitot probes and the other one with eight probes, were used
alternatively to measure the pitot pressures at three different
vertical planes downstream the oscillator exit (see Fig. 4(a)).4. Results
Two supersonic oscillators with different exhaust throat height
He were tested from NPR= 2.9 to NPR= 6.7. Schlieren
videos, unsteady pressures in the two cavities, static pressures
along the centerline of the oscillator and pitot pressures after
the oscillator exit were recorded for all the NPR cases.
4.1. Supersonic oscillator with He = 14 mm
4.1.1. Flow visualization
From the schlieren videos, a continuous, symmetric flipping of
the supersonic jet between the two cavities was found to
appear in some test cases. Fig. 6 gives schlieren sequences dur-
ing about one flipping period (0.25 ms) at NPR= 4.0. One
can see that at t= 4.208 ms (the first photo), the jet was
deflected upward to its upper extreme position and the jet cen-
ter impinged the rear wall of the upper cavity, then the jet was
flipped downward and subsequently reached to its lower
extreme position where the jet center touched the rear wall
of the lower cavity. Consequently, the jet was flipped upward
to finish one period. After discharging from the oscillator
diverging exhaust, the jet was dissipated into many small
eddies in a large space due to the high frequency flipping.
The fluctuating pressure during the period shown in Fig. 6
is given in Fig. 7, which seems to have a form of a sine wave.
The two extreme positions of the jet seem to correspond to the
times when the pressure difference is near zero.
4.1.2. Averaged flow in oscillator
Normalized static pressure p/pa along the centerline of the
oscillator at different NPR operations is shown in Fig. 8. In
Fig. 8, ht is the nozzle throat height. The pressure in the cavi-
ties (from nozzle exit to the cavity rear wall) is limited in a
small range by the two cavities for all the cases. After the jet
is exhausted front the nozzle exit to the cavities, its pressure
decreases sequentially for all NPR cases, which shows that
the jet is under-expanded for all NPR cases.
Based on the pitot pressure and static pressure measured at
the 9th pressure tap, Mach numbers at this position for all
NPR cases have been calculated and displayed in Fig. 9.
One can see that for NPR= 5.1, the flow at that position is
Fig. 6 Schlieren sequences of flow in the oscillator during one
period (from t= 4.208 ms to t= 4.458 ms) at NPR = 4.0 (hor-
izontal knife edge).
Fig. 7 Fluctuating pressure variations during one period in
cavities at NPR = 4.0.
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Mach numberMaj was calculated based on the averaged static
pressure at the 4th and the 5th taps and the assumption of isen-
tropic flow in the jet. One can see that the jet Mach numbers
Maj for different NPRs are very close and are all around
1.70, due to the close pressure.
4.1.3. Unsteady pressure field
4.1.3.1. Possible underlying mechanism for oscillator without
wedge. Similar to the Carter’s theory for the oscillator with
wedge (see Section 1), for the oscillator without wedge
(see Fig. 10) the cross junction mode of cavity resonance could
be excited by the cavity tone oscillation instead of the edge
tone oscillation.
The cavity tone oscillation is caused by inherent shear layer
instabilities, vortex shedding and acoustic feedback character-
istics of the cavity configuration.15,16 The frequency of cavity
tone oscillation can be obtained by a semi-empirical equation
which was developed by Rossiter17 and has been modified by
Heller and Bliss18 for high Mach number flows. Rossiter’s
modified formula takes the form of
fL
u
¼ n a
Majﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ r
2
ðc 1ÞMa2j
q þ 1
kc
ð1Þ
where f is the frequency at a given mode number; n= 1, 2, . . .;
Maj is the jet Mach number; u is the jet velocity, and r is the
recovery factor; a and kc are empirical parameters. The most
commonly used values of a= 0.25, kc = 0.57, and r= 0.89
were applied in this paper.
4.1.3.2. Modified cross junction model for supersonic jet19. The
resonant frequency for the face-to-face cavities can be
expressed by cross junction mode20 which depends on the
acoustic velocity and on the cavity length
f ¼ mc
2H
ð2Þ
where c is the sound speed in the cavities and m= 2n+ 1
(n= 0, 1, . . .). Since the sound speed is a function of tempera-
ture, the output frequency can be expressed by
f ¼ m
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
cRgT
p
2H
ð3ÞFig. 8 Normalized static pressure distributions along the
centerline of the oscillator.
Fig. 9 Mach number variations at different NPRs.
1376 B. Sun et al.where c is the ratio of specific heats; Rg is the gas constant and
T is the temperature of the fluid in the cavity. Knowles21 tested
a subsonic cavity resonating oscillator and his results showed
that the experimental frequency of oscillating agrees well with
the predicted by Eq. (3).
For cross junction flow with high Mach numbers, the cross
junction mode denoted by Eq. (3) should be modified to take
account into the difference of the air temperature in the jet
and the cavities. The jet temperature can be given by
Tj ¼ Ta
1þ c1
2
Ma2j
ð4Þ
where Ta is ambient temperature at the nozzle entrance. The
air temperature in the cavities is the recovery temperature of
the flow18 which can be calculated by
Tc ¼ Ta rþ 1 r
1þ c1
2
Ma2j
 !
ð5Þ
Based on the two different temperatures, the frequencies of
the cross junction mode for high Mach number flows can be
written as
f ¼ m
2Hj
cj
þ 4Hc
cc
ð6Þ
where m= 2n+ 1 (n= 0, 1, . . .); Hj and Hc are the width of
the jet and the depth of the cavity (see Fig. 10), respectively;
Hj is calculated based on the jet Mach number Maj and the
conservation of mass flow rate; cj and cc are the sound speeds
in the jet and the cavities, respectively, which are given byFig. 10 Cavity resonating oscillator without wedge.cj ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
cRgTj
p ð7Þ
cc ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
cRgTc
p ð8Þ
4.1.3.3. Fluctuating pressure in cavities. Pressure histories mea-
sured with PCB sensors on the floor of the two cavities in
Fig. 11 shows that the fluctuating pressures on both cavities
are perfectly periodic and have vibration amplitude of about
20 kPa. The wave forms of the upper and lower cavities are
similar but there is a phase difference of about half vibrational
cycle, although the vibration amplitude is a little different
among different cycles. The corresponding dominant fre-
quency of fluctuating pressure in Fig. 11 is 3489 Hz, which
can be read in power spectrum density (PSD) of unsteady pres-
sure shown in Fig. 12(a). Two harmonics also appear in this
figure. The similar phenomenon is also observed from the
power spectrum density of the upper cavity (see Fig. 12(b))
where the dominant frequency is the same as the lower cavity,
but has a slightly smaller PSD, which denotes an almost sym-
metric flipping of the jet.
The oscillating frequencies of the jet from the unsteady
pressure PSD for the five tested NPR cases (the jet Mach num-
bers are very close for the five cases) have been shown in
Fig. 13. In addition to the dominant frequencies, two other sets
of frequencies may be distinguished from the power spectrum.
Firstly, there are peaks which are at integral multiples of the
dominant frequency. These harmonics have not been included
in Fig. 13. Secondly, there are peaks in the spectra which occur
at frequencies which are not simple multiples of the dominant
frequency, and these have been included in Fig. 13. The Ros-
siter modes expressed by Eq. (1), cross junction mode
expressed by Eq. (3) and modified cross junction mode
expressed by Eq. (6) have also been shown. When n= 1 and
m= 1, there is no intersection between the Rossiter and cross
junction mode; while the frequencies given by the Rossiter and
modified cross junction modes are identical at Mach number
of 2.58, which means the couple of the two modes will appear
near this Mach number. However, the jet Mach numbers for
the five test cases are all around 1.70 which is far from the
above couple Mach number, and the perfectly symmetric
flipping is observed from the schlieren videos at NPR = 4.0,
5.1, 6.7 in which there are identical dominant frequency on
the upper and lower cavities (see Fig. 14). The dominant fre-
quencies of jet flipping at these three cases are almost identicalFig. 11 Fluctuating pressure variations in cavities at
NPR= 4.0.
Fig. 12 PSD of unsteady pressure on floor of cavities at
NPR = 4.0.
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ping of the jet appears at NPR= 3.4 and a flipping frequency
of 7580 Hz is recorded at NPR= 2.9.
4.2. Supersonic oscillator with He = 20 mm
Fig. 15 shows schlieren sequences for the oscillator with
He = 20 mm at NPR = 4.0. A continuous, asymmetric flip-
ping of the supersonic jet between the two cavities wasFig. 13 Correlation for oscillating frequency vs nozzle jet Mach
number for the oscillator with small exit.observed. The averaged flow of the jet is close to the upper
wall. Compared to that model with He = 14 mm, the jet has
a larger expansion, which means the lower pressure and higher
jet Mach number in the cavities.
Pressure histories measured with PCB sensors on the floor
of the two cavities in Fig. 16 shows that the fluctuating pres-
sures on both cavities are perfectly periodic and have vibration
amplitude of about 8 kPa. The corresponding dominant fre-
quency of the fluctuating pressure in Fig. 16 is 4125 Hz.
Normalized static pressure distributions along the center-
line of the oscillator (see Fig. 8) shows that when NPRP 3.4
the pressures in the cavities are much lower than that model
with He = 14 mm, which denotes the larger expansions of
the jet; the pressure increases gradually with the increase of
NPR, which is a result of back pressure propagating upstream.
Mach numbers at 9th tap and jet Mach number for all NPR
cases have been calculated and displayed in Fig. 17. One can
see that for this model the jet Mach number is higher that
the model with the small exit when NPRP 3.4. The flows at
the ninth tap for four test cases are all subsonic.
The oscillating frequencies of the jet for this model at seven
typical NPRs are also shown with the above theoretical modes
in Fig. 18. One can see when NPRP 5.1 the dominant fre-
quencies of the jet oscillating on the upper cavity and the lower
cavity are different (NPR= 5.1) or so high (NPR= 6.7),
which denotes the jet flipping could not happen. The schlieren
videos confirm the deduction: when NPRP 5.1 the jet did not
flip but slightly tremble, although the jet Mach numbers for
those NPRs are closer to the couple Mach number than the
smaller NPRs; when 3.2 6 NPR 6 4.0 the regular, asymmetric
flipping of the jet appeared, which is also proved by the iden-
tical, appropriate dominant frequency of the upper cavity and
the lower cavity. The asymmetry of the jet flipping may be
caused by the Coanda effect, which is the mechanism for the
wall attachment oscillator.22 It needs to note that at
NPR= 3.6 the dominant frequency in the lower cavity is twice
of that on the upper wall, which could be a result of the second
harmonic of the dominant frequency being excited by the sec-
ond Rossiter mode (n= 2, Fig. 18). At NPR = 2.9, irregular
flipping was observed by the schlieren video.
4.3. Jet mixing trends
The jet mixing characteristics was investigated based on the
pitot pressures on the three vertical planes downstream theFig. 14 Oscillating frequency vs NPR for the oscillator with
small exit.
Fig. 15 Schlieren sequences of flow in oscillator during one
period at NPR = 4.0 (horizontal knife edge) for the oscillator with
large exit.
Fig. 16 Fluctuating pressure variations in cavities at NPR = 4.0
for the oscillator with large exit.
Fig. 17 Mach number variations at different NPRs for the
oscillator with large exit.
Fig. 18 Correlation for oscillating frequency vs nozzle jet Mach
number for the oscillator with large exit.
1378 B. Sun et al.oscillator exit (see Fig. 4(a)). The static pressure at each plane
is regarded as a constant, due to the far enough distance from
the nozzle exit. Then the Mach number distributions on these
planes at NPR= 4.0 were calculated and shown in Fig. 19. It
shows that for each oscillator the peak Mach number
decreases with the increase of the distance. Mach number dis-
tributions for small exit oscillating jet are almost symmetric
while it is asymmetric for the large exit oscillating jet. The pitot
pressure probes did not cover the whole region of the jet plume
for the large exit oscillating jet, which results in higher edge
Mach number (0.4) of the jet.
In order to take a comparison with the oscillating jet, a free
jet obtained by removing the rear walls of the two cavities was
tested at NPR= 4.0. Fig. 20 shows the instantaneousschlieren photo of the free jet. One can see that the free jet is
under-expanded and is almost symmetric by the nozzle center-
line before the downstream dissipation. The Mach number
Fig. 19 Mach number distributions of oscillating jet on vertical
planes at NPR = 4.0.
Fig. 20 A snapshot schlieren of free jet at NPR = 4.0.
Fig. 21 Axial distribution of peak mean Mach number at
NPR = 4.0.
Fig. 22 Jet entrainment at NPR = 4.0.
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show that the free jet has higher peak Mach number at each
vertical plane than that of the oscillating jets.
A common measure of jet mixing is the axial decay of the
peak mean Mach number, Map. Fig. 21 plots Map for the
oscillating jet and the free jet. It is evident that both oscillatingjets have much smaller peak velocities and a more pronounced
decay rate than the free jet.
A better measure of jet mixing, or entrainment, is the mass
flow rate of the jet plume23, which is defined in a two-
dimensional sense as
_m ¼
Z yupper
ylower
qu dy ð9Þ
where yupper and ylower represent the upper and lower edges of
the jet from the experimental measurement, respectively. Flow
rate distributions of the oscillating jet and free jet are calcu-
lated based on the pitot pressures and static pressures on the
three vertical planes. The mass flow rates of jet plume _m nor-
malized with the mass flow rate of the nozzle _m0 are calculated
with Eq. (9) and shown in Fig. 22. One can see that small exit
oscillating jet has lower mass flow rate but the large one has
higher flow rate than the free jet at the first vertical plane.
The decrease of mass flow rate on the second and third vertical
planes for the large one should be caused by the lack of Pitot
probes. These results indicate that the large exit oscillating jet
has faster mixing of jet plume with the ambient air than the
free jet; however, the small exit oscillating jet has slower
mixing than the free jet due to the limit of the small exit.
5. Conclusions
Wind tunnel testing were conducted from NPR= 2.9 to
NPR= 6.7 in a vacuum-type wind tunnel for a novel
1380 B. Sun et al.supersonic fluidic oscillator which consists of a 2-D convergent
nozzle and two face-to-face cavities. Schlieren videos, unsteady
pressures in the two cavities, static pressures along the center-
line of the oscillator and pitot pressures downstream the oscil-
lator exit were recorded. The experimental results show that:
(1) The continuous, symmetric flipping between the two
cavities of the supersonic jet appears for the oscillator
withHe = 14 mm at NPRP 4.0. For the oscillator with
He = 20 mm, the regular, asymmetric jet flipping was
observed at NPR 6 4.0.
(2) The cross-junction mode for estimating the resonance
frequency in a pipe with two closed side branches has
been modified and obtained comparable estimations of
the frequency of jet flipping with experimental data.
(3) Compared to the free jet, the oscillating jet with large
exit achieves larger mixing; the oscillating jet with small
exit has less mixing.
(4) The coupling of the modified cross-junction mode and
the Rossiter mode for cavity resonance could be the rea-
son for the flipping of the supersonic jets, but further
detailed investigations are necessary to discover the
underlying mechanism and the influence factors of the
supersonic jet flipping.
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